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ABSTRACT

3
\

A

N We summarize the Voyager 1 observations of whistlers at Jupiter
in order to provide a basis for further analyses of the density
profile of the Io plasma torus as well as to support studies of
atmospheric lightning at Jupitet. All the whistlers detected by
Voyager 1 fell into three general regions in the torus at radial
distances ranging between 5 and 6, Ry An analysis of the broadband
wave amplitudes measured by the Voyager 1 plasma wave instrument and
estimates of the peak whistler amplitudes imply the grouping of
whistlers was due to variations in the sensitivity of the receiver to
whistlers and not to variations in the source or propagation paths of
the whistlers. The whistler dispersions are presented in statistical
form for each of the three groups of events and analyzed in view of
the structure of the Io plasma torus as determined by plasma probe
measurements. The results of these analyses give source locations for

the whistlers at the foot of the magnetic field lines threading the

torus in both hemispheres and over a range of longitudes. —




I. INTRODUCTION

The discovery of whistlers at Jupiter [Gurnett et al., 1979; Scarf
et al., 1979) gave conclusive proof of the existence of atmospheric
lightning at that planet [Smith et al., 1979]. Hence, Jupiter became
the second planet exhibiting lightning activity besides the Earth.
Ksanfomaliti et sl. [1979] and Taylor et al. [1979] presented evidence
of lightning at Venus ia the form of electromagnetic noise bursts at
low frequencies. More recently, Kaiser et al. [1983] have interpreted
Saturn electrostatic discharges at high frequencies as evidence for
lightning in the atmosphere of Saturn.

A considerable awount of work has already been completed utilizing
the whistler observations at Jupiter to ascertain some information on
the distribution of plasma along the magnetic field lines connecting
the lightning source to the spacecraft [Gurnett et al., 1979; Gurnett
et al,., 1981; Tokar et al., 1982a,b]. Other work has been reported
which uses the rate of whistler detection to arrive at lightning flash
rates in the Jovian atmosphere [lewis, 1980; Scarf et al., 1981b].

In order to support further work in both the lt\u!y of the
distribution of plasma in the Io torus as well as estimates of the
lightning flash rates we will provide s detailed sumsary of all
whistlers observed at Jupiter. The whistler activity was coanfined: to
three general periods of time while Voyager 1 was within the Io pﬁnn

torus. We shall characterize each of these three groups by the average




y
E

B T

dispersion of the whistlers and the number of whistlers detected. One
new and interesting result will be to show that the grouping of
wvhistler activity is apparently controlled by the level of other
in-band signals which controls the gain of the receiver and not by
clumpiness in the source of the whistlers or by variations in the
propagation medium. .

The Voyager plasma wave instrument is described fully by Scarf and
Gurnett [1977]); however, we shall summarize the characteristics which
are important in this study for the convenience of the reader. The
plasma wave receiver consists of a multichannel spectrum analyzer and a
wideband waveform receiver which are each connected to a balanced
electric dipole antenna with two 10-m elements oriented perpendicular
to each other. The spectrum analyzer provides low temporal and
spectral resolution measurements over the frequency range from 10 Hz to
56.2 kHz with a dynamic range of about 100 dB below 100 mVm~l. The
waveform receiver provides very high resolution waveform measurements
in the frequency range of 40 He to 12 kHz., The waveform receiver has
an automatic gain control (AGC) which maintains a nearly constant
output amplitude independent of the input signal strength over a
dynamic range of about 100 dB. The time constant of the AGC is 0.25 s.
The waveform msasurements are converted from an analog signal to & bit
digital words at a rate of 28,800 s”!. The four-bit digitization
yields a dynsaic range for the waveform msasurements of about 23 dB.
The waveform data are Fourier analysed on the ground to provide the

frequency-time spectrograms shown herein.




II. OBSERVATIONS

Whistlers have a unique frequency-time structure which allows
them to be identified easily in a frequency-time spectrogram. Figure
1 shows several examples of whistlers detected by the Voyager 1 plasma
wave instrument during its closest approach to Jupiter in March 1979,
The format for the spectrograms is intensity (darkness, where the most
intense waves are black) as a function of frequency (ordinate) and
time (abscissa). The two whistlers in Figure la show best the
characteristic decrease in frequency with increasing time of these
emissions., This structure is due to the dispersion of whistler mode

waves in a plasma and was first described by Eckersley [1935] as
t = D//F + to » (l)

where t is the arrival time of a wave at frequency, f, and D is the
dispersion constsnt. For the first whistler in the top panel of

Figure 1 D = 290 s/Hs. The second whistler has s dispersion constant
of 275 s/Hiz. The several whistlers seen in Figure 1b have much smaller

dispersions than the two in Pigure la, typically 45 svHz. The whis-

tlers fan Figure lc show the largest dispersions observed at Jupiter,
~ 500 .Eo




7~ AT

A visual survey of the wideband spectrograms obtained over about a
nine-hour interval near closest approach was carried out in order to
identify all the whistlers detected by Voyager. Figure 2 shows the
trajectory of Voyager 1 in the magnetic meridian plane containing the
spacecraft as it traversed the Io torus on 5 March, 1979. During the
period between about 0615 and 1510 SCET (spacecraft event time) a total
of 141 48-g wideband frames were available for analysis, representing a
duty cycle of about 21X. During the remaining 79% of the time from
0615 to 1510 SCET no wideband data were obtained because the high speed
downlink was being used to transmit images. The three regions in the
trajectory denoted by a heavy line and identified by the letters A, B,
and C are intervals vhen whistlers were visible in the spectrogramss.
The examples i{n Figures la, 1b, and lc represent each of these three
regions. A total of 167 vhistlers were identified in the data. Of
these, 77 lacked sufficient extent in frequency and time to allow
reliable dispersion determination and, hence, were aot iancluded in the
study.

Figure 3 summarizes the location (in tiwe), frequency range, and
dispersion of the 90 whistlers which had sufficient spectral and
temporal extent to provide s msasure of dispersion. At the top of
Figure 3 the time of each of the 141 widedband frames is denoted by a
tick mark., Obviocusly, nothing can bde said about the occurrence of
vhistlers during periods when no wideband data are available. The
spectrum snalyser data is not sdequate to allow reliable identification

of whistlers without the use of wideband data ([Scarf et al., 1981a].

The top penel im Figure 3 illustrates the frequency rasuge and number of
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whistlers detected as a function of time. Note that no whistlers were
found prior to 0900 SCET or after 1512 SCET. The numbers in the top
panel refer to the number of whistlers detected within a 40-second
interval represented by the line at that time. The vertical extent of
the line represents the range in frequency between the average low and
high frequency limits of the whistlers occurring during the appropriate
40-s interval.

The dispersion constant was measured for each of the whistlers.
For the low dispersion whistlers of region B, the dispersion was
measured simply by overlaying transparencies of the Eckersley formula
with different values for D until a good match was made. By
covering the range of 20 to 100 svHz in S5-sYHz intervals im the
overlays, it was possible to measure D to within 2 s/Hz, or about 3%
accuracy. For the higher dispersion whistlers of regions A and C a
number of measurements of f and t were obtained to arrive at an average
value of D for each whistler with standard deviations of about 2. We
note here that although the Eckersley formulation is an approximation,
Menietti and Gurnett [1980] have shown it is quite accurate over the
frequency range utilized here.

The bottom panel of Figure 3 summarizes the dispersions of the
whistlers. The average dispersion for the whistlers within each 40-s
averaging interval is plotted with an error bar denoting one standard
deviation. The three regions of whistler activity identified in
Figure 2 are most clearly distinguishable in the dispersion summary.

Clearly, the whistlers detected in region B have the smallest disper-~

sions of any of the three groups, averaging near 70 s/fz, while




whistlers in regions A and C have larger dispersions. Whistlers in
region A have dispersions near 250 s/Hz and region C whistlers have

dispersions of about 500 svHz. The histogram of dispersions in Figure

4 shows these three populations. Note that on a linear scale the

region C dispersions form a rather loosely bound population, yet, it is

still distinguishable from the other two populations. The different

dispersions of these three groups of whistlers has been used by Tokar
et al. [1982b] to determine whether the lightning sources are located
in the northern or southern heamisphere.
An estimate of the peak amplitude of the whistlers was obtained by

displaying the Fourier transform of single 60-msec sweeps of the

waveforu data as in Figure 5. The difficulty here is that the AGC

circuitry does not directly allow for absolute amplitude determination

because the instantaneous gain of the AGC is not known. The

calibration process, then, is a two-fold procedure. The first step is

to generate a plot of spectral density as a function of frequency as in

Figure 5, but in arbitrary units. The second step involves plotting

the calibrated spectral density from the spectrum analyzer at the
appropriate time (assuming the spectrum of the background noise 1is

relatively constant over the 4-s accumulation time) to the same scale

. e > e e
e e 8

and sliding the two plots until a good match is obtained over as large

a frequency range as possible. The result is a spectrum cslibrated in
absolute units as in Figure 5.
A difficulty with the above described procedure is that the

accumulation time for a spectrum has to be kept to s minimum so as to

not smear ou’. the whi: tler as its frequency shifted. Unfortunately, a
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spectrum obtained in such a short period of time (60 msec) is very
noisy and it is often difficult to differentiate between the noise and
the whistler signal. The result is that very few whistlers were found
which showed a reasonable signal-to-noise ratio. This is not a problem
in dynamic spectra as in Figure 1 since the eye can easily discern the
characteristic whistler trace in the frequency-time format even though
the amplitude at any one given time is barely above the noise
background.

Spectral densities in the form of Figure 5 were obtained for the
two region A whistlers shown in Figure 10. Peak intensities were
obtained by multiplying the peak spectral density by one-half the
bandwidth at half maximum and taking the square root. For the first
whistler in Figure 10, the peak intensity is 27 uVm~! at 3.3 kHz. The
peak intensity of the second whistler at 4.5 kHz is 39 pVma™l. It would
be more appropriate to integrate over the entire whistler to give an
integrated power, however, the signal is not strong enough to provide
sufficient reliability over the frequency range observed, plus the
entire range of frequencies emitted by a lightning stroke is obviously
not observed.

Consideration of Figure 3 leads to the question of why there are
three distinct groups of whistlers and large intervals of time in
between during which no whistlers were detected. It might seem reason-
able to speculate that Voyager is simply seeing the "clumpiness™ in the
location of thunderstorms in the atmosphere or variations in propaga-

tion paths which are alternately favorable and unfavorable for low-loss

propagation. An alternate possibility is that the receiver sensitivity

o
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to whistlers varies as a function of time (or space) and that there is
no real variation in whistler occurrence rates. We have investigated
the latter possibility in some detail and the result is shown in Figure
6.

The top panel of Figure 6 simply shows the number of whistlers
detected in each 48-38 frame of wideband data. Dots representing zero
occurrence rates denote frames which are available for study but which
show no whistlers. Hence, the top panel shows not ounly the whistler
rate as a function of time, but also the coverage of the wideband
receiver. The key parameter which determines the sengitivity of the
wideband receiver is the broadband signal strength over the passband of
the receiver (40 Hz to 12 kHz) since it is this signal which sets the
receiver gain via the AGC. Using the spectrum analyzer data, we have
integrated the electric field intensities from the 56-Hz channel to the
10-kHz channel, correcting for the finite bandwidth of those channels,
and plotted the resulting broadband electric field strength in the
bottom panel of Figure 6.

Given that the instantaneous dynamic range afforded by the 4 bit
analog-to-digital converter is about 23 dB and the receiver gain is set
to provide about 6 dB "head room™, one can construct a time-varying
envelope of the dynamic range as indicated by the shaded region in the
lower panel which extends 6 dB above and 17 dB below the trace of the
broadband electric field strength. The interesting point to notice is
that a line set at 30 uWn~! representing the peak whistler intensities
lies above the receiver threshold (or lower bound of the dynamic raange

envelope) in the three time intervals corresponding almost exactly with

PN
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regions A, B, and C. The peak whistler intensity also exceeds the
receiver threshold for a few periods between ~ 1315 and 1415 SCET,
however, there are no wideband frames in that time interval, hence, no
whistlers were detected.

It is quite clear from Figure 6 that the regions of whistler
activity are determined solely by the variation of receiver sensitivity
due to changes in the background broadband signal strength. This does
not preclude the possibility that there are localized regions where the
occurrence of whistlers is enhanced for physical reasons, however, the
existence of such regions cannot be established from the Voyager 1

data.
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III. SOURCE LOCATIONS AND PROPAGATION PATHS

In this section we investigate the source location of the whis-
tlers and discuss the implications of the dispersion of the whistlers
for the propagation path of the waves. In a sense, this is a circular
discussion, since the dispersion is based on the integrated density
along the wave trajectory and a determination of the source location
depends somewhat on the distribution of density in the Io plasma torus.
The situation is not as hopeless as it might seem, however, since some
a priori knowledge of the torus structure is available from an analysis
of the planetary radio astronomy data [Biramingham et al., 1981] as well
as from plasma probe observations [Bagenal and Sullivan, 198l1]. The
treatment is then more of an iterative one where using existing

information on the torus density leads to a source location for the

whistlers which, in turn, csn yield more accurate information on the
torus density structure [see, for example, Tokar et al., 1982a].

Both Jupiter and Io provide conditions which might support
lightning discharges. The fascinating storm systems visible in the
Voyager images of Jupiter [Smith et al., 1979] are obvious candidates
for sources of lightning and images shown in Cook et al. [1979] reveal
the presence of lightning discharges on the nightside. Io, however,
vith its volcanos must glso be considered a possible source. It has

long been known thst lightning is associated with volcanic activity on
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Earth and recently evidence for lightning associated with volcanos on
Venus has been reported [Scarf and Russell, 1983].

For regions A and B it 1s easy to eliminate Io as the source of
the observed whistlers since the whistler mode waves are constrained to
propagate within 19° of the magnetic field line. For the first two
regions of activity, Io was at a different longitude than Voyager and
only Jupiter was within the 19° cone. Both Jupiter and Io were within
the cone during the time the region C whistlers were detected. The
intensities of the region C whistlers were no greater than those in the
other regions and one would expect much larger intensities if the
source were on Io which was only ~ 20,000 km away at the time. The
short distance to Io would also require extremely large densities
between Voyager 1 and Io to account for the large dispersion of the
region C whistlers if the source were on Io. We conclude, then, that
the source of all whistlers detected was Jupiter. ‘ 3

To determine from which hemisphere of Jupiter the whistlers came

requires some knowledge of the structure of the Io torus. Figure 7

shows the trajectory of Voyager 1 and the three regions of whistler
activity superimposed on a model of the Io torus given by Bagenal et
al. [1980]. Referring back to the bottom panel of Figure 3 and the

histogram of Figure 4 it has been shown that the three regions of

whistler activity are differentiated most clearly by their dispersion.

Gurnett et al. [1979] have shown that D is proportional to the

T e ey

integrated plasma frequency along the ray trajectory
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f
1
D=igf7?§ds (2)

where fp and f8 are the electron plasma frequency and gyrofrequency and
c is the speed of light (see also, Helliwell {1965]). Equation 2 is
valid for propagation parallel to the magnetic field assuming the wave
frequency f << fg in the limit ffy << fpz. Since f, = 898070, (n, is
the electron demsity), D is proportional to /n, integrated along the
ray trajectory and it is clear the high dispersion whistlers had to
traverse a large portion of the torus. The propagation through the
ionosphere accounts for only a few percent of the total dispersion
[Gurnett et al., 1979].

For region C, which has large dispersions and is located near the
southern edge of the torus, it is clear the whistlers had to traverse
most of the torus before arriving at the spacecraft indicating a
northern hemispheric source. Region B, on the other hand, is typified
by relatively short whistlers requiring a trajectory with relatively
small columnar densities. Since these whistlers were detected while
Voyager was near the northern limit of the cold inner torus, the
northern hemisphere, again, seems to be the source. The case for the
region A wvhistlers is not nearly so clean as for the other two.
Voyager 1 was very close to the centrifugal equator at this time and

the large dispersions could be the result of propagation from either

heaisphere.

[T
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An analysis by Tokar et al. [1982b] provides some additional
insight on the source location of the region A whistlers., They cal-
culated transit times by integrating the group index of refraction
along the field line from the source to the spacécraft using heavy ion
concentrations measured by the plasma probe to obtain a dispersion.
Tokar et al. then determined the concentration of light ions required
to match the observed dispersions in region A. Using the path froam the
northern hemisphere yielded an unacceptably high concentration of light
ions, hence, it was coancluded the source of the region A whistlers must
be in the southern hemisphere. The calculated light fon concentrations
for the other two regions are consistent with those in region A, lend-
ing a level of credibility to the analysis of Tokar et al.

The source location results are summarized in Figure 8. The
dashed lines are the footprints of field lines threading the Io torus
mapped onto the cloud-tops. The heavy lines indicate the longitude of
the source for each of the three regions assuming parallel propagation.
The magnetic field model used here is the O; model of Acuna and Ness
[1976]. Also shown in Pigure 8 are the locations of visible lightning
activity observad by Voyager 1 on the nightside [Cook et al., 1979].

Given the propagation path, it is possible to derive information
on the integrated density along the path and thereby probe the density
of the torus snd high latitude regions remotely. Considerable work
along these lines has been carried out by Tokar et al. [1982a,b] and

will not be repeated here. In summary of that work, however, it has

been shown that there must be a considerable concentration of light
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ions at higher latitudes to account for the dispersion of the observed

whistlers. The differentiation of ionic species at varying heights

above the centrifugal equator has some interesting implications. The
most laportant of which is a polarization reversal of the ion cyclotron
mode predicted by Gurnett and Goertz [1983] and Thorne and Moses
[1983]. 1Ion cyclotron waves are thought to be necessary to scatter
energetic heavy ions into the loss cone to account for the intense
torus aurora reported by the Voyager ultraviolet ianstrument [Broadfoot
et al., 1979]. Because of the polarization reversal, however, the ion
cyclotron mode cannot be observed directly at the latitudes surveyed by
Voyager.

The highest observed whistler frequency sets an absolute lower
limit to the plasma frequency along the ray path since the whistler
mode cannot propagate above fp [Gurnett et al., 1979]). In the upper

panel of Figure 3 one can see that the upper frequency extent of the

whistlers varies between about 4 and 7 kHz, corresponding lower limits
on the electron density along the paths of 0.2 to 0.6 ca™3. This
implies dramatic differences in electron densities may exist between
the near equatorial and high latitude regions along the same field line
since n, near the equator can be as high as 2000 ca~3. 1Indeed, Tokar
et al. (1982a] have shown typical values of n, near a few to 10 cm~3 at
high latitudes when the equatorial density is ~ 103 cm~3.

The whistler observations also set an upper bound on the electron
temperature of the torus. Manietti and Gurnett [1980] calculated an

upper bound by using Landau damping arguments and assuming the
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whistlers were nonducted. As a whistler passes through the dense torus
the wave normal angle will increase and Landau damping will occur. The
lowest cutoff frequency for the region A whistlers was ~ 2 kHz as can
be seen in the upper panel of Pigure 3. This cutoff corresponds to an
upper limit to the temperature {n the torus of 2 to 3 x 105 °K. The
agreement with the ultraviolet observations of an electron temperature

of 105 °K by Broadfoot et al. [1979] is quite good.
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IV, DISCUSSION AND CONCLUSIONS

Studies of the Voyager 1 observations of whistlers at Jupiter
have yielded a wealth of information about the occurrence of lightning
in the Jovian atmosphere as well as the structure and temperature of
the Io plasma torus. Although whistlers were only detected in three
rather narrowly confined regions along the Voyager 1 trajectory, it is
likely whistlers are common throughout at least the inner portion of
the torus since it appears the background plasma wave spectrum masks
the detection of whistlers at other times. From the maximum number of
whistlers detected within a single 48-s wideband frame of about 32
(see Figure 6) it is clear the whistler rate can approach 1 s~1,
Evidence 18 given which locates the lightning activity at the foot of
Io torus flux tubes in both hemispheres and over a range of latitudes.

In Figure 8 the locations of bright spots on the nightside of
Jupiter found with long exposures by the imaging subsystem are
compared with the whistler source locations. Even though the whistler
observations do not coincide with the imaging results, there is no
reason to doubt either the identification of the bright spots by Cook
et al. [1979] or the whistler source regions as lightning. Rather, it
is likely the two methods simply observed different lightning sources.
In fact, it would have been impossible to detect whistlers which

corresponded to the lightning observations of Cook et al. since no

ﬁmuurmww - o
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wideband frames were obtained at the proper Jovian longitude and radial
distance to detect whistlers from those longitudes.

One of the motivations of this paper is to provide critical
observations of whistlers to those who would try to understand the
chemistry of the Jovian atmosphere based on energization via lightning
discharges. These observations have already led to an estimate of the
upper limit to the lightning flash rate on Jupiter of ~ 40 flashes per
square kilometer per year [Scarf et al., 1981b]. The upper limit is

obtained using an assuaption of ducted whistlers which severely

s eama o s =
e P

restri-ts the area at the foot of a flux tube which has access to the
spacecraft since propagation would be essentially parallel to the mag-
netic field. Menietti and Gurnett [1980], however, argue that there is
little evidence for ducting since no multiple hop vwhistlers are
observed. In the nonducted case, propagation could be at angles up to
19° with respect to a field line and, hence, the area at the foot of

the flux tube having access to the spacecraft is greatly expanded and

the resulting lightning rate would decrease correspondingly.
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FIGURE CAPTIONS

Frequency-time spectrograms showing examples of the
whistlers detected by Voyager 1 as it traversed the Io
plasma torus. a) Examples of whistlers from region A
(see Figure 2). These whistlers have dispersions of
about 300 svHz. b) Examples of region B whistlers with
dispersions of about 50 s/Hz. c¢) Whistlers found in

fegion C with dispersions of ~ 500 s/Hz.

Trajectory of Voyager 1 during its closest approach to
Jupiter on 5 March 1979. Regions A, B, and C denote

locations where whistlers were detected. The contours
are a crude model of the electron plasma frequenty in

the Io plasma torus.

A summsry of the whistler measurements used in this
study. At the top, tics indicate the time of wideband
frames which were available to search for whistler
activity. The top panel shows the average frequency
extent of whistlers detected within 40-s time intervals.
The numbers indicate the number of whistlers included in
the averages. Average dispersions are plotted in the

bottom panel with error bars representing one standard




Figure 4

Figure 5
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deviation. Whistlers from region A appear first near
300 s/Hz. Region B vhistlers fall near 70 svHz slightly
later in time. The 500 svHz whistlers near 1500 SCET

are from region C.

A histogram showing the three populations of dispersions

from the three groups of whistlers.

A gpectrum accumulated over a 60 msec interval which
shows a whistler at abour 4.5 kHz with an intensity of

39 uvm~l.

Whistler occurrence rates (per 48-s wideband frame) and
broadband electric field strength integrated from 56 Hz
to 10 kHz plotted as a function of time. The shaded
region represents the dynamic range of the waveform
receiver. The darkest shading indicates times when the
receiver sensitivity falls below the peak whistler

intensities.

Regions of whistler detection plotted against a model of
the Io plasma torus. Analyses of whistler dispersions

and integrated density along ray trajectories yield

information on the source location of the whistlers.
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Figure 8 Summary of the whistler source locations corresponding
to the three regions where whistlers were detected.

Results of nightside images of lightning activity are

also shown [Cook et al., 1979].
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